The expression of the jellyfish green fluorescent protein (GFP) 
plant protoplasts, while the exchange of amino acid serine 65 to cysteine (S65C) and threonine (S65T) increased the intensity of green fluorescence drastically, thereby significantly raising the detection level for GFP. For GFP S65C, the detectable number of green fluorescing tobacco (BY-2) protoplasts was raised up to 19 -fold, while the fluorimetricly determined fluorescence was raised by at least 2 orders of magnitude.
A powerful tool for the rapid analysis of promoters is the use of marker genes for which expression can be easily monitored by autoradiography (NPT II, CAT), light emission (LUC, GUS), or color production (GUS). Commonly used reporter genes are CAT, NPT II, GUS, and LUC, of which GUS and LUC are of special interest since their assays do not involve any radioactivity (1) . However, none of these reporter genes allows convenient, noninvasive in vivo detection of the respective enzyme in intact plant cells. An attractive alternative turned out to be the green fluorescent protein (GFP) from the jellyfishAequorea victoria. Use of this marker protein has been described for Escherichia coli, Caenorhabditis elegans, Drosophila melanogaster, yeast, and HeLa cells (2) (3) (4) (5) . Detection of GFP is noninvasive and nondestructive, which is a clear advantage over formerly used reporter genes such as f-glucuronidase or firefly luciferase (6, 7) . Illumination of GFP with long-wave UV light (395 nm) or blue light (475 nm) leads to bright green fluorescence (510 nm) without any need for additional substrates, since chromophore formation and light emission are intrinsic properties of this marker protein (8) .
Expression and detection of wild-type GFP in maize and sweet orange (Citrus sinensis) protoplasts using constructs driven by a heat-shock promoter or by a constitutive promoter (9) (10) (11) , using a potato virus X expression system in Nicotiana clevelandii and Nicotiana benthamiana plants (12, 13) Fluorimetry. For the fluorimetric measurement of GFP green fluorescence, tobacco BY-2 protoplasts were transfected with plasmids pCKGFP 10 and pCKGFP S65C. Viable and dead protoplasts were separated 24 h after transfection by centrifugation (3,300 x g for 20 min) through 33% Percol. Viable protoplasts were collected at gradient top and disrupted by six passages through an 18-gauge needle. Extracts were diluted 10-fold in 50 mM sodium phosphate buffer (pH 7), and an equivalent of approximately 50,000 protoplasts was measured in a filter fluorimeter (LS-2B, Perkin-Elmer) using excitation filter 139168 (480 nm) for blue light excitation. The emission spectra were scanned between 495 and 540 nm, and the emission spectrum determined for a mock-transfected tobacco BY-2 sample was substracted from the spectra determined for transfections with plasmids pCKGFP 10 and pCK-GFP S65C.
RESULTS AND DISCUSSION
Several plasmids containing the GFP cDNA driven by the CaMV 35S promoter were tested in transient gene expression studies in protoplasts derived from suspension culture cells as well as leaf mesophyll. Protoplasts were transfected using PEG-mediated gene transfer or electroporation (maize), and GFP expression was monitored 20-48 h after transfection by the detection of green fluorescence using fluorescence microscopy.
Transient expression of GFP in protoplasts from tobacco BY-2 suspension culture resulted in bright green fluorescence (Fig. 2 a and b) . However, green fluorescence was only detected with a modified GFP cDNA, from which a cryptic splice site had been removed ( Fig. 2a; plasmid pCKGFP 10 ). This modification leads to significantly increased expression of GFP in transgenic A. thaliana (J. Haseloff (16) , demonstrating that these modifications are also essential for an efficient detection of green fluorescence in transgenic A. thaliana plants.
Although green fluorescence of GFP using the cDNA, from which a cryptic splice site had been removed (pCKGFP 10) , was observed in all protoplast species after blue light excitation [parsley,Arabidopsis, maize, barley, and tobacco SR1 (data not shown) and tobacco BY-2 protoplasts (Fig. 2a) ], the brightness of green fluorescence was low and detection was therefore only possible in a small number of protoplasts. Therefore, we set out to further improve the brightness of GFP fluorescence in plant cells. Previously, several GFP mutants had been analyzed in E. coli, some of which showed drastically shifted excitation and emission spectra (17) (18) (19) (20) (21) . Of particular interest for us were GFP mutants S65C and S65T. Heim et al. (20) demonstrated for GFP S65C and S65T about 6-fold higher excitation and emission values after illumination with blue light. These characteristics should lead to increased brightness of fluorescence in plants, making GFP mutants S65C and S65T attractive candidates for plant studies. Therefore the GFP cDNA, from which a cryptic splice site had been removed, was modified by site-directed mutagenesis so as to replace amino acid serine 65 with cysteine (S65C) and threonine (S65T). Viewed at low magnification (50x), transient expression studies with GFP mutant S65C (and S65T, data not shown) in tobacco BY-2 protoplasts showed a dramatic increase in the number and brightness of green fluorescing protoplasts (Fig. 2b) Fig. 2 ). Co-transfection with a chimeric CaMV 35S-GUS reporter gene (data not shown) revealed nearly identical transfection rates for these experiments. Therefore, when comparing Fig. 2 a and b , which represent identical microscopic and photographic conditions, the increase in the number, as well as the brightness of individual fluorescing Viable and green fluorescing protoplasts from three independent experiments were counted. After normalization with an internal standard (co-transfection with the reporter gene GUS), the factor by which the detectable number of green fluorescing protoplasts was increased, has been calculated.
protoplasts, suggests that GFP S65C is detectable in many protoplasts in which GFP alone is not. Fluorimetric measurement of green fluorescence from tobacco BY-2 protoplasts transfected with plasmids pCKGFP 10 or pCKGFP S65C showed that the intensity of green fluorescence with GFP S65C was raised by at least 2 orders of magnitude (Fig. 3) . Dramatically increased brightness of individual protoplasts and an overall increase in the number of strongly fluorescing protoplasts was also observed with mesophyll and suspension culture protoplasts from N. tabacum and A. thaliana in transient expression experiments with plasmid pCKGFP S65C (data not shown).
Our observations here, that it is necessary to use the GFP cDNA from which the cryptic splice site had been removed (pCKGFP 10), contrast with previous observations of GFP expression in maize and Citrus plant cells using the wild-type GFP cDNA (9) (10) (11) 30) . We found no expression of pCR GFP ( Fig. 1 ; Clontech "wild-type"-cDNA) in Arabidopsis, tobacco, and barley protoplasts (data not shown). This may reflect differences in the splice mechanisms of maize and C. sinensis suspension cultures versus N. tabacum, A. thaliana, and H. vulgare. In any case, we find that a cDNA encoding GFP S65C, from which the cryptic splice site has been removed, results in clearly enhanced green fluorescence after blue light excitation also in maize protoplasts, as in other plant protoplasts. Approximately 30% of the viable maize protoplasts emitted green light ( Fig. 4d; data not shown) .
Bright green fluorescence was also previously observed using the wild-type GFP cDNA in N. clevelandii, N. benthami- 10 and pCKGFP S65C were measured in a filter fluorimeter. The spectrum determined for the mock-transfected protoplasts was substracted from the spectra measured for pCKGFP 10 and pCKGFP S65C to eliminate background fluorescence. Left chart shows spectrum for pCKGFP 10 . Only a small peak at 510 nm is visible. Right chart shows spectrum for pCKGFP S65C, with a strong peak at 510 nm. ana, and tobacco protoplasts, using virus-based expression systems (12) (13) (14) (15) (22) . The excitation maximum (479 nm) of this particular mutant lies within the limits of the used fluorescein isothiocyanate filter set (exciter BP 450-490 nm), allowing an optimal excitation of GFP S65C, while the range of this filter set is already suboptimal for the excitation maximum of GFP S65T (488 nm). This also may explain why GFP mutant S65T in our hands leads to a slightly lower increase (6-7-fold) in the number of detectable green fluorescing protoplasts, when compared with GFP S65C (up to 19-fold; Table 1 ).
In protoplasts from tobacco SR1 and BY-2 ( Fig. 4 a and b) , A. thaliana (Fig. 4c) , Zea mays (Fig. 4d) , and H. vulgare (Fig.  4e) , bright green fluorescence was observed in transient expression experiments with the respective plasmids designed for monocotyledonous (pCKGFP S65Cmono; Fig. 1 
